The search for higher-performance photothermal microactuators has typically involved unavoidable trade-offs that hinder the demonstration of ubiquitous devices with high energy density, speed, flexibility, efficiency, sensitivity, and multifunctionality. Improving some of these parameters often implies deterioration of others. Photothermal actuators are driven by the conversion of absorbed optical energy into thermal energy, which, by different mechanisms, can produce mechanical displacement of a structure. We present a device that has been strategically designed to show high performance in every metric and respond to optical radiation of selected wavelength bands. The device combines the large energy densities and sensitivity of vanadium dioxide (VO 2 )-based actuators with the wavelength-selective absorption properties of single-walled carbon nanotube (SWNT) films of different chiralities. SWNT coatings increased the speed of VO 2 actuators by a factor of 2 while decreasing the power consumption by approximately 50%. Devices coated with metallic SWNT were found to be 1.57 times more responsive to red light than to near-infrared, whereas semiconducting SWNT coatings resulted in 1.42 times higher responsivities to near-infrared light than to red light. The added functionality establishes a link between optical and mechanical domains of highperformance photoactuators and enables the future development of mechanical logic gates and electronic devices that are triggered by optical radiation from different frequency bands.
INTRODUCTION
The performance of photoactuators that use optical energy to induce mechanical motion in micrometer-sized devices has improved significantly with the incorporation of novel photosensitive materials. Recent efforts include photoactuators based on polymers (1-4), oxides (5-7), hydrogels (8) (9) (10) , graphenes (11) (12) (13) , and single-walled carbon nanotubes (SWNTs) (14, 15) , which exhibit promising performance for applications such as remote controls, motors, switches, artificial muscles, and solar energy harvesters. The most developed actuation mechanism principles are photochemical (16) (17) (18) and photothermal (14, (19) (20) (21) effects. For example, light radiation has been used to drive photochemical reactions in chromophores such as azobenzenes (16, 17, (22) (23) (24) , which exhibit reversible response with visible and ultraviolet light illumination. However, the response time for typical photochemical actuators is in the order of seconds. By using photothermal actuation of polymer-based actuators (11, 25, 26) , a bending angle of 70°is achieved with an exposure time of about 1 s. Although current technological trends in mechanical photoactuators are focused on using optical radiation intensity as the parameter used to characterize the response of the device, some reports have proposed the use of wavelength. Photoactuators using carbon nanotubes with selective chirality distributions have shown how the strong light absorption of SWNTs can be used to develop a sunlightdriven motor (14) and how the wavelength selectivity of gold nanocrystals can be used to develop photoactuators (21) .
Despite the significant progress, the miniaturization of highperformance multifunctional photoactuators still represents a great challenge. Improving some performance metrics of micromechanical photoactuators (for example, energy density, multifunctionality, power consumption, speed, sensitivity, and fabrication complexity) often comes at the cost of worsening others. The reversible insulator-to-metal transition in VO 2 , which has been known for almost 60 years (27) , is accompanied by a structural transition (monoclinic to tetragonal). As was found much more recently (28) , the resulting changes in mechanical stresses between a VO 2 film and a substrate generated by this reversible phase transition can be used to drive microactuators. In 2010, it was observed that when VO 2 film coatings on micromechanical structures go through the phase transition, which occurs in this material (triggered at a temperature of~68°C), a substantial stress is generated, which produces large and reversible mechanical deflection (28) . Later, VO 2 -based photoactuators demonstrated response times in the order of milliseconds (6, 7) and energy densities similar to those obtained using shape memory alloys (29, 30) . However, the large power consumption of VO 2 -based photoactuators limited their scope of applications. On the other hand, photoactuators based on SWNTs have demonstrated high photothermal efficiency but with slow responses and low energy density. It was demonstrated that, by adding SWNT film coating as a light absorber, the photothermal efficiency of VO 2 -based microphotoactuators can be improved (20) . However, a single micromechanical photoactuator that combines large displacement, low power consumption, wavelength responsivity, fast actuation, high energy density, and compatibility with conventional microelectromechanical system (MEMS) fabrication processes has not been demonstrated.
Here, a design that uses the chirality-dependent optical properties of SWNTs is presented. The presented VO 2 /SWNT-based micromechanical photoactuators show displacements that are dependent on the wavelength of the incident light on the device while maintaining excellent performance in terms of large displacement, low power consumption, large energy density, and fast response, which are the most important criteria in MEMS. For example, in remote control and switching applications of photoactuators, large displacement, low energy consumption, and fast response are critical, whereas in applications for motors and artificial muscles, energy density is of great importance. The most typical technologies for photoactuators rely on the different thermal expansion coefficients of a bimorph structure and photochemical methods. However, maintaining high performance in all the metrics mentioned above for a single device is rather difficult. Thus, the present study breaks the common trade-offs that are typically needed to be carried out in a microactuator design, demonstrating an approach to optimize device performance while also adding wavelength-selective functionality. The developed device can find applications in soft microrobotics and monochromatic sensors, such as portable spectrometers, and can enable optically triggered microelectromechanical devices where MEMS-based logic gates, multiplexers, and decoders can be controlled by light pulses of different wavelengths. Figure 1A schematically illustrates the fabrication process of VO 2 / SWNT actuators. The process starts with a 2-inch silicon wafer coated with 1-mm-thick silicon dioxide (SiO 2 ) layer deposited by plasmaenhanced chemical vapor deposition at 300°C. A thin layer of VO 2 (50 nm thick) was then deposited on a SiO 2 layer by pulsed laser deposition (PLD) (details in Materials and Methods). The quality of the VO 2 thin film was characterized by measuring its resistance as a function of temperature, which shows a resistance drop of nearly three orders of magnitude, as temperature changes from 30°to 100°C (see fig. S1 ), indicating a good-quality VO 2 . The SWNT thin films tested in this study were made by vacuum filtration technique (details in Materials and Methods) using three different types of SWNT solutions shown in Fig. 1B . Unsorted SWNT (uSWNT), metallic SWNT (mSWNT), and semiconducting SWNT (sSWNT) are solutions containing a mixture of chiralities (31) (32) (33) . These SWNT films were transferred on top of the VO 2 /SiO 2 -coated silicon wafers following a surface functionalization process similar to the one used by Wang et al. (20) . The patterning of the SWNT and VO 2 films was carried out by oxygen plasma etching and SF 6 -based reactive ion etching, respectively. The mechanical release of the cantilever structure was carried out by isotropic etching of the silicon substrate using XeF 2 gas. The cantilever structure of the photoactuators in this study is 400 mm long and 40 mm wide. Figure 1C shows the top view of the released photoactuators with different SWNT films, and Fig. 1D shows a cross-section scanning electron microscope (SEM) image of the device. The thickness of all the SWNT films was in the vicinity of 100 nm (see Materials and Methods).
RESULTS

Device fabrication
Photothermal response
The SWNT films in the photoactuators serve as a light absorber layer, with the absorption spectrum dependent on its chirality distribution. Figure 2A shows the absorption spectra of the VO 2 /uSWNT, VO 2 / mSWNT, and VO 2 /sSWNT films, indicating a near-flat spectrum for VO 2 /uSWNT and spectra with peaks for VO 2 /mSWNT and VO 2 / sSWNT at approximately 700 and 1000 nm, respectively. Two semiconductor lasers with wavelengths of 660 and 985 nm are used in this study, which are absorbed better by the mSWNT and sSWNT films, respectively (see Fig. 2A ). To make a fair comparison that demonstrates wavelength selectivity, the intensity of both lasers should be the same during the experiments. To this end, each laser was coupled into single-mode optical fibers, and a laser beam profiler was used to verify if the output of each fiber had the same Gaussian profile and a beam diameter of 500 mm (see fig. S2 ). The tested samples were mounted on a Peltier heater that maintained the sample's temperature at 40°C during laser illumination normal to the sample's substrate. This preheating to 40°C is required to photothermally increase the temperature of the devices completely across the phase transition with the lasers used. A charge-coupled device camera (resolution, 720 × 480) was used to monitor the deflection of the actuators. The details of the measurement setup are illustrated in fig. S3 and note S1.
Before performing the laser experiments, deflections of the four types of actuators were measured as functions of temperature to verify the phase transition characteristics of VO 2 after the whole fabrication process and to confirm that the structural phase transition of VO 2 is the dominating actuation mechanism. The results in Fig. 2B show the deflection of all the actuators as the temperature was varied across the phase transition of VO 2 (from 30°to 100°C). It can be seen that all types of actuators (that is, VO 2 and VO 2 /SWNT actuators) show a similar shape for the abrupt hysteretic behavior during the heating-cooling cycle. This proves that the dominant actuation mechanism in the SWNT-coated actuator is the stress generated during the phase transition of VO 2 and suggests that the advantages of VO 2 -based actuators (for example, large displacement and high energy density) are still present after SWNT coating. Figure 2 (C to F) shows the photothermal response of VO 2 and VO 2 / SWNT actuators as a function of laser power while the samples were kept at an initial temperature of 40°C. It can be noticed that, when the devices are actuated by conductive heating (Fig. 2B ), the maximum deflection is larger than that of photothermal actuation (Fig. 2 , C to F). This difference is due to the fact that part of the heat generated during photothermal actuation is dissipated by the temperature gradient between the device and the substrate, which is maintained at 40°C; this temperature gradient is much smaller for conductive heating. Once the substrate is brought to a given temperature by conductive heating, the bulk of the device acts as an infinite heat reservoir, making the heat loss through the suspended cantilever structure negligible and increasing the uniformity of the temperature in the structure.
The high absorption of SWNT films can be readily observed by comparing the results for the VO 2 -based actuator ( Fig. 2C ) with any of the VO 2 /SWNT-based actuators (Fig. 2 , D to F). Regardless of the different response for the two tested wavelengths, all VO 2 /SWNT actuators require less laser power to reach the phase transition; that is, they have a lower "triggering power" (P T ). It can be noticed that the VO 2 -based actuator has a lower P T for 660-nm laser illumination, but the rate of change in displacement per unit power (that is, responsivity) during the phase transition of VO 2 is lower for 660 nm. At low temperature, VO 2 films show higher optical absorption at 660 nm than at 985 nm, but the absorption spectrum of VO 2 changes during the transition, resulting in a higher optical absorption at 985 nm than at 660 nm (see fig.  S4 ). This causes a crossover of the curves at a laser power of approximately 56 mW. On the other hand, the photothermal response of VO 2 / SWNT actuators is mainly determined by the absorption properties of the SWNT film coating, which do not show variations with temperature changes across the phase transition of VO 2 .
Wavelength-dependent response
Because of the flat absorption spectrum of the uSWNT film, the photothermal responses in VO 2 /uSWNT for the 660-and 985-nm wavelengths are practically overlapping (see Fig. 2D ). However, the VO 2 /mSWNT and VO 2 /sSWNT actuators show different responses for the two wavelengths used. It is clear that film absorption depends on the optical properties and thickness of the film. Therefore, although the absorption coefficient of the mSWNT and sSWNT films is wavelength-dependent, this property can be masked by a large thickness (see note S2 for details). We found that a thickness of 100 nm was enough to maintain a continuous SWNT film with wavelength-dependent absorption spectrum. To study the wavelength-selective response of VO 2 /mSWNT-based actuators, we tested both wavelengths on the same device so that differences in response are not caused by differences in film thickness of either mSWNT or VO 2 . Furthermore, by comparing the responses of a device with a given initial deflection, we have the same illuminated surface area and consequently the same delivered power for both wavelengths.
The separations between photothermal response curves in Fig. 2 (E and F) are attributed to the wavelength-dependent absorption coefficients of the mSWNT and sSWNT films. Because of the optical absorption peak around 700 nm for the mSWNT films (and all other parameters being equal) (see Fig. 2A ), the temperature increase for mSWNT will be higher for illumination from the 660-nm laser. Thus, the VO 2 /mSWNT actuators will have a lower P T for illumination from the 660-nm laser (see Fig. 2E ). Conversely, the sSWNT films have better absorption for 985 nm, which translates into a lower P T for illumination from the 985-nm laser (see Fig. 2F ). Furthermore, the responsivity across the phase transition is higher for 660-nm illumination in the VO 2 /mSWNT actuator and for 985-nm illumination in the VO 2 /sSWNT actuator. Therefore, energy from light is being absorbed and converted to heat more efficiently for the wavelength of higher absorption across the entire phase transition range of VO 2 . Table 1 summarizes the responsivity between wavelengths for all the SWNT-coated devices.
The wavelength-selective response of the present devices is better visualized in Fig. 3 and in the movies presented in the Supplementary Materials (description of the movies is in note S3). A laser power of 30 mW was used for both lasers (660 and 985 nm), as labeled in Fig. 2 (C to F). This power is much lower than the P T for the bare VO 2 -based microactuator, and therefore, the device shows negative displacements (that is, displacements toward the substrate) for both wavelengths points (a, b, c, d , e, f, g, and h) correspond to Fig. 3 (A to H) . (Fig. 3, A and B) , which is induced by the mismatch between thermal expansion coefficient of VO 2 and SiO 2 . Note that the VO 2 thin film has a higher thermal expansion coefficient than SiO 2 . In contrast, VO 2 / SWNT actuators have much higher photothermal efficiency than bare VO 2 -based actuators. The VO 2 /uSWNT actuator shows very similar displacement for both wavelengths (Fig. 3, C and D) , which is consistent with the absorption spectrum shown in Fig. 2A . VO 2 /mSWNT actuators are more responsive to 660-nm illumination and therefore show a larger deflection (almost fourfold) for this wavelength (Fig. 3, E and F) . On the other hand, VO 2 /sSWNT actuators show larger deflections for the 985-nm laser. The still images in Fig. 3 (G and H) (and the movies in the Supplementary Materials) show how a laser power of 30 mW for both laser wavelengths generates displacements in opposite directions for the VO 2 /mSWNT-based and VO 2 /sSWNT-based actuators.
Time response
For most conventional thermal microactuators, the actuation mechanism is based on thermal expansion of materials. The total displacement of actuators operated on this principle is proportional to the product of the difference in thermal expansion coefficient of the materials involved (Da) and the temperature change (DT). Because the Da is inherently limited to values lower than 2 × 10 −5 K −1 for metal-ceramic bimorphs (34) and to values in the vicinity of 2 × 10 −4 K −1 for polymer-silicon bimorphs (25) , the needed DT to generate large deflections is relatively high. Moreover, a larger DT requirement typically results in slower devices (35, 36) . Large displacements often require very large temperature changes (DT) and are therefore slow (35, 36) . In contrast, VO 2 -based actuators rely on the material's phase transition, which happens at about 68°C and typically spans over a temperature window of only 5°to 10°C. Because of the lower DT required for full actuation, VO 2 -based actuator devices are much faster than the similar designs based on thermal expansion mechanisms. Here, the time response of all types of actuators was captured by a high-speed camera (1200 frames/s), and the deflection is plotted as a function of time for pulses of different illumination powers from both lasers (see Fig. 4 ). Before actuation, the samples were preheated to 40°C. The laser pulse duration in all the plots is 25 ms, and the power used is marked in Fig. 2 (C to F) . It should be noted that the laser power used for the time response experiments for the three different SWNT films [purple vertical dashed lines in Fig. 2 (D to F) and labeled power in Fig. 4 (A to D) ] is different. This is carried out to be able to calculate the time response of each device. Each type of SWNT . For each wavelength, the power was calibrated to maintain the same delivered power of 30 mW that is marked in Fig. 2 with green dashed lines while the substrate temperature is maintained constant at 40°C.
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film absorbs each wavelength differently. Therefore, the required amount of power to completely go through the transition region and achieve full actuation will be different for each type of SWNT film. Because the response time is the required time to achieve full actuation, it was necessary to use the power that resulted in full actuation for each device. The bare VO 2 actuator was not fully driven across the phase transition because of the power limitations of the lasers used. The response time is calculated as the time required for the displacement to rise from 10 to 90% of the stable value. All the VO 2 /SWNT-based actuators are approximately twice as fast as the uncoated VO 2 -based actuator. Furthermore, when comparing the time responses for the VO 2 /mSWNT and VO 2 /sSWNT, it is observed that each device responds faster to the wavelength that is better absorbed by the corresponding SWNT film. It should be noted that the photothermal process is slower than the mechanical actuation process, which means that the time response of the photoactuators presented here will be ultimately limited by the speed with which the absorbed power is converted to heat and not by the mechanical properties of the device. This is expected because heat transfer in solids is, in general, much slower than the speed of sound in the material. A model that allows for estimating the time response is discussed in the Supplementary Materials.
Photothermal actuation mechanism
To better understand the actuation mechanism during photothermal actuation, a finite element method (FEM) model was created using COMSOL (version 4.4) software. Details on the simulation and model are found in note S4. Figure 5A illustrates the simulated surface temperature distribution of the VO 2 /uSWNT actuator preheated to 40°C for a laser illumination of 30 mW. The temperature gradient along the cantilever's length, which was previously mentioned to be the main reason for the difference in largest deflections between photothermal and conductive heating actuation methods, is evident from the surface temperature profile shown in Fig. 5 (A and B) . The simulated temperature profile as a function of cantilever length for different power values from the 660-nm laser for all the VO 2 /SWNT-based actuators is shown in Fig. 5B . The energy dissipation due to convection losses is higher at the cantilever's tip. The temperature at 300 mm along the actuators as the function of 660-nm irradiation power is plotted in Fig. 5C . Simulations related to the dynamics of actuators were also carried out within the model. During the actuation, two processes contribute to the response time: (i) the conversion from optical energy to thermal energy and (ii) the conversion from thermal energy to mechanical energy. The first process can be described in Eq. 1
where r is the density of the structural materials, C p is the specific heat, T is temperature, t is time, k is thermal conductivity, and Q contains all heat source and dissipation. The convective cooling of air and light illumination was introduced by a module in COMSOL software (see note S4). The thermal response time of the VO 2 /uSWNT, VO 2 /mSWNT, and VO 2 /sSWNT actuators under a 40-mW laser irradiation was calculated to be 2.65, 3.0, and 2.82 ms, respectively, using COMSOL (see fig. S5 ). The time constant of the second process can be characterized by calculating the resonance frequencies of the structure. Given the geometry and mechanical properties of materials, the first resonance frequency of VO 2 /uSWNT actuators is about 6 kHz. For an underdamped system, the rise time t, which, by definition, is the response time in this paper, is estimated to be 0.16 ms < t < 0.6 ms (see note S4). Therefore, the response time for the photothermal model is much larger than the mechanical time response, indicating that the conversion of optical energy into heat is the mechanism that determines the time response of the whole system. The measured response time for the present devices is similar to the one obtained from the photothermal model. The details about the simulation can be seen in note S4.
DISCUSSION
In summary, the present study demonstrates wavelength-selective VO 2 / SWNT photothermal microactuators that combine the high performance of VO 2 -based actuators with the excellent optical properties of SWNT, resulting in energy-efficient microdevices with high speed, large deflections, and wavelength-dependent response multifunctionality. The device fabrication is compatible with standard MEMS fabrication technologies, and the properties of the VO 2 or SWNT films are maintained in the process. This allows for the integration of the present devices into larger MEMS transducers or systems that involve components defined by conventional microlithography. The present device can find applications in monochromatic sensors such as portable spectrometers and can enable optically triggered microelectromechanical devices where MEMS-based logic gates, multiplexers, and decoders can be controlled by light pulses. Furthermore, the present study suggests that the response of VO 2 -based photosensors or bolometers, which are very sensitive because of the large change in the resistance of VO 2 with temperature, can be made wavelength-dependent by using the SWNT film coatings. The measurements reported in this study could be extended to include more wavelengths by using single-chirality SWNT films with sharper absorption peaks than the mSWNT and sSWNT films.
MATERIALS AND METHODS
VO 2 deposition
The VO 2 thin film was deposited through PLD on substrates coated with a 1-mm-thick SiO 2 layer. The substrate was placed into a vacuum chamber with oxygen environment (15 mtorr). Facing the substrate, a metallic vanadium target, 2 inches apart from the substrate, was ablated by excimer laser pulses with an intensity of 352 mJ (fluence,~2 J/cm 2 ) and a frequency of 10 Hz. During the 10-min deposition, a ceramic heater was used to heat the sample and maintain its temperature at 595°C. After the deposition, a 30-min annealing process was performed under the same deposition conditions. To determine the quality of the VO 2 film, the resistance of the VO 2 film was measured as a function of temperature, which cycled from 30°to 100°C. A resistance drop close to three orders was observed during the cycle (see fig. S1 ).
SWNT film fabrication and transfer All SWNT films used in this study were prepared by vacuum filtration. The mSWNT and sSWNT solutions with a purity of 95% (diameter, 1.2 to 1.7 nm) and a concentration of 0.01 mg/ml were bought from NanoIntegris, and the uSWNT solution (0.01 mg/ml) was made following, in general, the same processes of Zhang et al. (14) . Purified SWNT powder (purity, >99 weight %; diameter, 0.8 to 1.6 nm; length, 3 to 30 mm) purchased from Cheap Tubes Inc. was mixed with 2% sodium deoxycholate as surfactant. An overnight sonication was performed to completely dissolve the SWNT powder. Then, centrifuging for 10 min with a rotation speed of 13,000 rpm helped remove large SWNT aggregates and non-SWNT impurities. The membranes used to filter the SWNT solution were cellulose membranes with a diameter of 2.5 mm, which were purchased from Millipore Inc. To achieve best filtration, membranes with different pore sizes are used to filtrate the mSWNT and sSWNT solutions (pore size, 0.025 mm) and the uSWNT solution (pore size, 0.45 mm). The thickness of SWNT films can be controlled by the amount of solution used for filtration. The relation between solution volume and film thickness is shown in fig. S6 . Given the SWNT membrane made by vacuum filtration, acetone bath was used to transfer the SWNT film on a VO 2 surface wafer and remove the mixed cellulose membrane. To obtain good adhesion between SWNT and VO 2 , surface functionalization was performed by immersing the target substrate into a poly-L-lysine solution for 5 min. Then, the cellulose/SWNT membrane was attached to VO 2 surface with the SWNT side facing toward the substrate. Several drops of deionized water were used to keep the membranes in the desired position. The substrate was placed upside down in a beaker, about 1 inch above the liquid acetone, on a hot plate that is set to 70°C. After about 1 hour of acetone vapor bath, cellulose membrane was dissolved, leaving only the SWNT film on the substrate. The transfer process was completed by briefly rinsing the sample with acetone and isopropanol and then by blow-drying the sample.
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